Caffeic acid (CA) is a hydroxycinnamic acid derivative and polyphenol with antioxidant and anti-inflammatory activities. The neuroprotective properties of CA still need detailed characterization in different biological models. Here, the antioxidant and neuroprotective effects of CA were compared in in vitro and in vivo neurotoxic models. Biochemical outcomes of cell dysfunction, oxidative damage, and transcriptional regulation were assessed in rat cortical slices, whereas endpoints of physiological stress and motor alterations were characterized in Caenorhabditis elegans (C. elegans). In rat cortical slices, CA (100 μM) prevented, in a differential manner, the loss of reductive capacity, the cell damage, and the oxidative damage induced by the excitotoxin quinolinic acid (QUIN, 100 μM), the pro-oxidant ferrous sulfate (FeSO 4 , 25 μM), and the dopaminergic toxin 6hydroxydopamine (6-OHDA, 100 μM). CA also restored the levels of nuclear factor erythroid 2-related factor 2/antioxidant response element (Nrf2/ARE; a master antioxidant regulatory pathway) binding activity affected by the three toxins. In wild-type (N2) of C. elegans, but not in the skn-1 KO mutant strain (worms lacking the orthologue of mammalian Nrf2), CA (25 mM) attenuated the loss of survival induced by QUIN (100 mM), FeSO 4 (15 mM), and 6-OHDA (25 mM). Motor alterations induced by the three toxic models in N2 and skn-1 KO strains were prevented by CA in a differential manner. Our results suggest that (1) CA affords partial protection against different toxic insults in mammalian brain tissue and in C. elegans specimens; (2) the Nrf2/ARE binding activity participates in the protective mechanisms evoked by CA in the mammalian cortical tissue; (3) the presence of the orthologous skn-1 pathway is required in the worms for CA to exert protective effects; and (4) CA exerts antioxidant and neuroprotective effects through homologous mechanisms in different species.
Introduction
Caffeic acid (3,4-dihydroxycinnamic acid, or CA) is a hydroxycinnamic acid (Colín-González et al. 2015 ) and a catechol secondary product, isolated from plants such as Melissa officinalis (39.3 mg/100 g) or Ilex paraguariensis (15 mg/100 g) (Khan et al. 2016) . CA possesses protective properties such as anticancer, antioxidant, and anti-inflammatory activities (Colín-González et al. 2015) . The stability of the CA structure increases when hydrogen bonds are generated after breaking O-H bonds. The CA antioxidant activity also involves the formation of o-quinone and the regeneration of the CA structure through semiquinone radical catalyzed by the reaction of the antioxidant with free radicals (Khan et al. 2016) . Nonetheless, CA requires validation as a neuroprotective agent with antioxidant properties in neurotoxic models driven by diverse toxic mechanisms, as well as in different species.
Among several neurotoxic models, 6-hydroxydopamine (6-OHDA) accumulates in dopaminergic neurons during toxic episodes, leading to increased generation of reactive oxygen species (ROS) and mitochondrial dysfunction (Shashikumar et al. 2015) , whereas quinolinic acid (QUIN) is a competitive agonist for glutamate-sensitive N-methyl methyl-D-aspartate receptors (NMDAR), leading to excitotoxicity, ROS production, and mitochondrial energy depletion . In turn, ferrous sulfate (FeSO 4 ) is a pro-oxidant molecule which easily generates hydroxyl radicals (OH • ) through the Fenton reaction (Lai et al. 2016) . Altogether, these toxic models, applied to different biological preparations, serve to establish specific mechanistic features of putative neuroprotective molecules. Moreover, we chose to examine whether treatment with these toxic molecules can be mitigated by CA not only because of their endogenous nature, but also because they potentially be involved in human neurological disorders. For instance, 6-OHDA is likely to be an etiological factor in Parkinson's disease (PD) (Jellinger et al. 1995) , QUIN is a toxic metabolite from the kynurenine pathway involved in Huntington's disease (HD) and other neurological disorders (Schwarcz et al. 2010) , and FeSO 4 is a precursor of Fe 2+ , a metal ion involved in ROS formation via Fenton reaction once accumulated in the brain (Carocci et al. 2018) . Therefore, combined, these toxic models represent valuable experimental approaches to pathological conditions observed in human neurological disorders.
The nematode Caenorhabditis elegans (C. elegans) is a simple and low-cost model due to its small size, transparency, short life cycle, variety of transgenic strains, and low cost of maintenance (Shashikumar et al. 2015) . It also possesses a small neuronal network (McVey 2010) containing only 302 neurons (Harrington et al. 2010) . C. elegans expresses the SKN-1 antioxidant pathway, which is homologous to the well-known Nrf2/ARE antioxidant pathway in mammals (Blackwell et al. 2015; Kotlar et al. 2018; Cuadrado et al. 2019 ). SKN-1 pathway is key for the worm defense as it confers resistance to oxidative stress by regulating a number of antioxidant enzymes (An and Blackwell 2003; Martinez-Finley et al. 2013) . Animals with SKN-1 deletions or modifications are prone to be more sensitive to oxidative stress and have shorter lifespans (An and Blackwell 2003; Kotlar et al. 2018) . Combined, these features make C. elegans a suitable alternative and complementary model for the characterization of antioxidant and neuroprotective properties of molecules such as CA. Moreover, in order to make inferences related with the mammal CNS derived from the observations obtained from C. elegans, it is necessary to compare the effects of antioxidant molecules in worms with mammals. Therefore, aiming to better understand the antioxidant mechanisms underlying the neuroprotective properties of CA, in this study, we compared the capacity of this cinnamic compound to attenuate and/or avoid the deleterious actions of three different neurotoxic models in rat brain cortical slices vs. the nematode C. elegans, and whether the protective profile of CA involves the role of Nrf2 in nerve tissue of mammals, and/or its orthologue SKN-1 in the worm.
Materials and Methods

Reagents
FeSO 4 , 6-OHDA, QUIN, CA (> 98.0%), thiobarbituric acid (TBA), HEPES, 1323-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide (MTT), and other reagents were obtained from (Sigma-Aldrich, St. Louis, MO). Other reagents were acquired from different commercial sources.
Animals
C. elegans N2 wild-type and mutant VC1772 (skn-1(ok2315) strains were purchased from the Caenorhabditis Genetics Center (CGC, University of Minnesota, Minneapolis, MN). Escherichia coli OP50 and NA22 strains were obtained from Laboratorio de Bacteriología (Faculty of Medicine, UNAM, Mexico). Ten male Wistar adult rats (260-280 g) were obtained from the vivarium of the Instituto Nacional de Neurología y Neurocirugía (Mexico) and later euthanized by decapitation in order to obtain the brain and isolate the cortical slices. Before euthanized, rats were kept under room conditions previously described . All experiments were carried out in compliance with the "Guidelines for the Use of Animals in Neuroscience Research" from the Society of Neuroscience. All protocols were approved by the Ethics Committee for Animal Research of the Instituto Nacional de Neurología y Neurocirugía (Project No. 126/17) . Efforts were made to minimize the number of animals used and their suffering during the experiments.
FRAP Assay for Iron Reduction Capacity
Forty (40) microliters of distilled water was added to a Costar 96-well plate. Then, 10 μl of CA at increasing concentrations (50, 100, 250, 500, and 750 μM; final concentrations) was incubated with 200 μl FRAP solution (3.1 mg sodium acetate plus 16 ml acetic acid, 40 mM HCl, 10 mM 2,4,6-Tri(2-pyridyl)-s-triazine (TPTZ), and 20 mM FeCl3). Optical density was recorded and processed, and the reduction capacity values were calculated according to a method previously described ).
In Vitro Experiments
Cell Viability Assay in Cortical Slices
Wistar adult male rats (260-280 g) were euthanized by decapitation. The frontal cortex from each rat was rapidly isolated from the brain. Cortical slices (250-300-μm thickness)were obtained with a chopper, according to a previous report ) and then incubated in Krebs buffer (124 mM NaCl, 5 mM KCl, 1.2 mM CaCl 2 , 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 23 mM NaHCO 3 , 3 mM HEPES, and 10 mM D-glucose) for 30 min at 37°C and CO 2 5%. Four slices per probe were incubated in the presence of CA (100 μM) for 60 min under the same conditions mentioned above. Later on, slices were exposed to toxins QUIN (100 μM), FeSO 4 (25 μM in ascorbic acid), or 6-OHDA (100 μM in ascorbic acid) and incubated for 60 min more. Then, 15 μl of the MTT reagent (5 mg/ml) was incorporated to the slices for 60 min. The treated cortical slices were rinsed with acidic alcohol (isopropanol in 0.4 N HCl) in order to obtain a purple coloration evidencing mitochondrial metabolism. The optical density from each sample was measured in a Cytation Multifunctional Imaging Reader at 570 nm. Results were calculated as the percentage of MTT reduction vs. the control by interpolation of the absorbance of reduced products per mg of protein ).
Lipid Peroxidation Assay in Rat Cortical Slices
Cortical slices exposed to CA and/or the toxic agents were lysed in 60 μL of lysis buffer (150 mM NaCl, 0.1% Triton, 50 mM Tris HCl (pH 8.0) and 0.25 mM sucrose); each sample was sonicated for 10 s until it was completely homogenous. In Eppendorf tubes, for every slice, 50 μL of the homogenate was added with 100 μL of TBA reagent (0.375 g TBA reagent plus 15 g trichloroacetic acid plus 2.5 ml 1 N HCl) and boiled for 20 min at boiling temperature (96°C for Mexico City). All samples were then centrifuged at 12,000 rpm for 15 min to obtain the supernatants. Absorbance was read at 532 nm, and values of blank were subtracted from all experiments. A standard curve of 1,1,3,3-tetraethoxypropane (TEP; 20-200 μM) was constructed to calculate, by extrapolation, the approximate content of TMPO present in each sample generated from the lipid oxidation reaction. Total protein content was quantified by Lowry's method (Lowry et al. 1951) . Results were expressed as nanomole of TBA-reactive substances (TBARS) produced per milligram of protein.
Assessment of Cell Damage in Cortical Slices
To visually define cells undergoing damage, a method based on immunofluorescence was used, according to a previous report (Maya-López et al. 2019) . Cortical slices already exposed to the different experimental conditions were loaded with propidium iodide (PI, 100 μg/ml, Roche) for 10 min. Then, the medium was removed and slices were washed with PBS three times, fixed with paraformaldehyde (Sigma, 1%/ PBS) for 60 min and mounted using a DAPI-resin for nuclei counter-stain. Tissue slices were observed with a Cytation 3 device (Bioteck), where images were analyzed by the software provided by the supplier (Gen5 v3.02.2). Also, in order to distinguish neuronal cells from other cell types, slices were previously loaded with anti-Map-2 rabbit antibody (Sigma [1:250 dilution]) and secondary anti-rabbit antibody Alexa 488 [1:1000 dilution]). Results were presented as images of simple and triple stains (merge) for DAPI, PI, and Map-2.
Separation of Cytosolic and Nuclear Fractions in Cortical Slices
Cortical slices were stored at − 70°C. At the time of use, slices were grinded to powder in a frozen mortar, using liquid nitrogen. Once the tissue was pulverized, nuclear fractions were obtained with the NE-PER kit (Thermo Scientific, Rockford, IL), strictly according with the manufacturer's instructions, supplemented with a protease inhibitor (Mini Protease Inhibitor Cocktail, Roche) and stored at − 70°C until use.
Nrf2/ARE Binding Assay
Nrf2 activity was determined with the TransAm Nrf2 assay (Active Motif, Carlsbad, CA), according to a previous report (Silva-Palacios et al. 2019) . Nuclear extracts (10 μg) were incubated with immobilized oligonucleotide containing the ARE consensus binding site (5´-GTCACAGTGACTCA GCAGAATCTG-3′) on 96-well plates. The active form of Nrf2 that bound the oligo was detected using primary anti-Nrf2 antibody after treating with secondary HRP conjugated antibody. As a result of the specific transcription factor activity in nuclear extracts, the chromogen formed was determined using a Synergy multi-modem plate reader (BioTek, Winooski, VT) at 450 nm, and expressed as Nrf2/ARE binding activity.
In Vivo Experiments
C. elegans Cultures
Nematodes were grown and maintained using standard procedures. N2 and skn-1(ok2315) strains were kept at 21°C in a Nematode Growth Medium (NGM) agar plate till they reach gravid stage Kotlar et al. 2018) . Afterwards, 40,000 gravid worms were lysed in a 10 M NaOH/hypochlorite solution to obtain eggs, which were kept on empty NGM plates overnight to hatch at larva 1 (L1) stage. L1s from both strains were then detached from the plates by washing with 0.5% saline solution for later assays.
Survival Assay
Approximately 2000 worms in L1 stage from N2 and skn-1 strains per experiment were first exposed to 25 mM CA for 30 min. Then, nematodes were exposed to the following toxic treatments: 100 mM QUIN, 15 mM FeSO 4 (in ascorbic acid) or 25 mM 6-OHDA (in ascorbic acid), all for 30 min. The doses of the toxins were determined based on previous reports Kotlar et al. 2018) . Worms were cultured in NGM plates containing E. coli (OP50). Twenty-four hours after exposure to toxins, three cells with high density and three cells with low density of worms were transferred to slides and counted, and the averages were divided by six, and then multiplied by the total number of cells (64) to obtain an approximate number of worms in the plate, according to a previous report . Six plates collected from each treatment were considered for this test and the procedure was repeated three times in duplicate.
Body Bending Assay
The locomotion rate was measured in N2 and skn-1 worms 48 h after exposure to treatments. One worm from each treatment was transferred into a bacteria-free NGM plate. Every worm was allowed to acclimate for 60 s. The total number of body bends was quantified during 60 s in a stereomicroscope. Each body bending was considered as the change of direction of worm's head characterized by the presence of the pharyngeal bulb towards the right side, following criteria from previous reports Kotlar et al. 2018 ). Twelve worms from each group were tested. Tests were repeated six times in duplicate.
Statistical Analysis
All experiments were carried minimally in triplicate. Mean ± standard error medium (S.E.M.) were determined for all parameters. Statistical significance among groups was determined by two-way analysis of variance followed by Tukey's post hoc analysis. Values of P ≤ 0.05 were considered as statistically significant.
Results
CA Reduced Iron in a Concentration-Dependent Manner
First, we determined whether CA exerts antioxidant properties per se in an iron reduction assay. Figure 1 shows the iron reduction capacity evoked by increased concentrations of CA (50-750 μM). Results demonstrate a concentrationresponse effect of CA as part of its antioxidant potential, where the 50 μM concentration showed the lowest antioxidant capacity (668 ± 63 μM of iron reduced), whereas the concentration with the most effective reductive capacity was 750 μM (4,230 ± 232 μM of iron reduced). The 100, 250, and 500 μM concentrations produced a gradual reduction capacity equivalent to 897 ± 86, 1,644 ± 83, and 3,003 ± 189 μM or iron reduced, respectively.
CA Attenuated the Loss of Cell Viability Induced by QUIN and FeSO 4 in Cortical Slices
The effects of CA on the QUIN (a)-, FeSO 4 (b)-, and 6-OHDA (c)-induced loss of mitochondrial reductive capacity (as an index of cell viability) are shown in Fig. 2 . In Fig. 2a , QUIN decreased the reductive capacity by 81% compared with the control (P ≤ 0.05), whereas preconditioning cortical tissue with CA protected against QUIN induced-toxicity (152% above QUIN; P ≤ 0.05, different from QUIN; P ≤ 0.05, different from the control). In Fig. 2b , slices treated only with FeSO 4 showed a decrease in reductive capacity (83%) compared with the control (P ≤ 0.05), whereas pretreatment with CA diminished the toxic effect of FeSO 4 (147% above FeSO 4 ; P ≤ 0.05, different from FeSO 4 ; P ≤ 0.05, different from the Fig. 2c , 6-OHDA decreased cell viability by 58% (P ≤ 0.05) compared with the control, whereas CA did not protect the cortical tissue from the toxic effect of 6-OHDA (4% below 6-OHDA; P ≤ 0.05, different from the control). CA per se did not alter cell viability in a significant manner. Fig. 3a , QUIN increased the amount of peroxidized lipids (161%) compared with the control (P ≤ 0.05), whereas CA inhibited this effect (63% below QUIN; P ≤ 0.05, different from QUIN). In Fig. 3b , FeSO 4 increased lipid peroxidation (177%) compared with the control (P ≤ 0.05); however, CA was unable to reduce the oxidative damage induced by FeSO 4 (4% below FeSO 4 ; P ≤ 0.05, different from the control). In Fig. 3c , 6-OHDA increased the oxidative damage to lipids (92%) compared with the control (P < 0.05), whereas CA protected against 6-OHDA induced-toxicity (51% below 6-OHDA; P ≤ 0.05, different from 6-OHDA). CA per se did not alter lipid peroxidation in a significant manner.
CA Prevented the Oxidative Damage to Lipids QUIN and 6-OHDA in Cortical Slices
CA Reduced the Cell Damage Induced by QUIN and FeSO4 in Cortical Slices
The effects of CA on the QUIN-, 6-OHDA-, or FeSO 4induced cell damage are shown as a series of fluorescence micrographs in Fig. 4 . Slices not exposed to toxins or CA (control condition, first line) show low PI staining and prominent positive staining for Map2, meaning that cell permeability is not compromised in this condition, and a large number of neuronal cells can be found, as evidenced also in the merge column. In the second line, CA per se did not induce changes in PI or Map2 stains compared with the control (3% above the control value). In contrast to the control condition, slices exposed to QUIN, 6-OHDA, or FeSO 4 (third, fourth, and fifth lines, respectively) displayed strong PI stains (180%, 121%, and 126% above the control, respectively; P ≤ 0.05) and lowered responses to Map2. Slices incubated in the presence of CA + QUIN (sixth line) and CA + FeSO 4 (eight line) showed moderate increase in the PI staining compared with the control, but these fluorescent signals were lower than those of their respective toxic controls (57% and 45%, respectively; P ≤ 0.05). In addition, in all toxic conditions challenged with CA, Map2 labelling was preserved to similar extent as in control conditions. The level of staining for PI remained similar in the 6-OHDA (seventh line) and CA + 6-OHDA conditions in the images, although the densitometric analysis revealed that CA readily (but moderately) decreased PI incorporation (39% below CA + 6-OHDA; P ≤ 0.05). Merged images show several PI positive nuclei matching with DAPI positive nuclei in the micrographs corresponding to the toxic conditions (last column; third, fourth, and fifth lines).
CA Preserved the Nrf2/ARE Binding Activity Decreased by QUIN, FeSO 4 , and 6-OHDA in Cortical Slices
The effects of CA on the QUIN (a)-, FeSO 4 (b)-, and 6-OHDA (c)-induced decrease in Nrf2/ARE axis activation are shown in Fig. 5 . In Fig. 5a , QUIN decreased this endpoint by 17% compared with the control (P ≤ 0.05), whereas CA protected against QUIN induced-toxicity (20% above QUIN; P ≤ 0.05, different from QUIN). As shown in Fig. 5b , slices treated with FeSO 4 showed a decrease of Nrf2/ARE binding activity (27%) compared with the control (P ≤ 0.05), whereas pretreatment with CA diminished the toxic effect of FeSO 4 (45% above FeSO 4 ; P ≤ 0.05, different from FeSO 4 ). As shown in Fig. 5c , 6-OHDA decreased Nrf2/ARE activation by 20% (P ≤ 0.05) compared with the control, whereas CA protected the cortical tissue from the toxic effect of 6-OHDA (25% above 6-OHDA; P ≤ 0.05, different from 6-OHDA). CA per se did not alter this marker. Survival of N2 and mutant skn-1(ok2315) strains was tested 24 h after exposure to toxic treatments ( Fig. 6a-f ). For both worm strains, the percentage of survival in the control groups was considered as 100%. As shown in Fig. 6a -c, QUIN, FeSO 4 , and 6-OHDA decreased the survival rate in N2 worms by 49%, 42%, and 38% below the control, respectively (P ≤ 0.05, different from the control for all cases), whereas in the presence of CA, survival levels remained significant from control, but nevertheless significantly attenuated to death/ survival upon treatments (20% above QUIN [P ≤ 0.05, different from the control; P ≤ 0.05, different from QUIN], 17% above FeSO 4 [P ≤ 0.05, different from the control; P ≤ 0.05, different from FeSO 4 ], and 18% above 6-OHDA [P ≤ 0.05, different from the control; P ≤ 0.05, different from 6-OHDA).
In the skn-1(ok2315) strain ( Fig. 6d-f ), the survival rate was diminished by QUIN (28%), FeSO 4 (41%), and 6-OHDA (37%) compared with the control (P ≤ 0.05, different from the control for all cases). In contrast to its effects on N2 strain, CA did not exert any effect on the survival rate in skn-1 KO strain upon QUIN, FeSO 4 or 6-OHDA treatments (28%, 38%, and 28% below the control, respectively; P ≤ 0.05, different from the control for all cases). These results clearly suggest that the presence of the SKN-1 pathway is required for CA to exert protective and antioxidant effects as it was previously described by Colonnello et al. (2018) .
CA Protected N2 and skn-1 KO Worms Against Motor Alterations Induced by QUIN, FeSO 4 and 6-OHDA in a Differential Manner
Locomotion rate was quantified 48 h after exposure of N2 and skn-1(ok2315) strains to toxic treatments (Fig. 7) . The average number of body bends per worm in the control N2 group was 35 ± 1 (body bending/1 minute). N2 worms (Fig. 7a-c) exposed to QUIN, FeSO 4 , and 6-OHDA presented either hyperactive or hypoactive motor alterations, expressed as an altered number of body bends (40 ± 1, 29 ± 1, and 28 ± 2, respectively; P < 0.05, different from the control for all cases). CA ameliorated motor disturbances induced by QUIN (34 ± 0.8; P < 0.05, different from QUIN), FeSO 4 (35 ± 1; P ≤ 0.05, different from FeSO 4 ) and 6-OHDA (34 ± 2; P ≤ 0.05, different from 6-OHDA).
The average number of body bends per worm in the skn-1 KO control group was 29 ± 0.8 (body bending/1 min). Mutant skn-1(ok2315) worms ( Fig. 7d -f) exposed to QUIN, FeSO 4 , and 6-OHDA showed hypoactive motor behaviors (18 ± 0.6, 25 ± 1, and 20 ± 0.6, respectively; P ≤ 0.05, different from the control for all cases). CA exerted ameliorative effects on behavioral alterations in worms exposed to QUIN (28 ± 1; P ≤ 0.05, different from QUIN) and 6-OHDA (28 ± 1; P ≤ 0.05, different from 6-OHDA). Worms preconditioned with CA and exposed to FeSO 4 did not show any recovery in this behavioral endpoint (25 ± 0.7; P ≤ 0.05, different from the control).
Discussion
In this study, we demonstrate that CA, likely by means of its antioxidant properties (confirmed in Fig. 1 as its reductive capacity of iron), attenuates the loss of cell viability induced by the excitotoxic molecule QUIN and the pro-oxidant FeSO 4 , but not the effect of the parkinsonian toxin 6-OHDA (Fig. 2) . CA also prevented the oxidative damage to lipids induced by QUIN and 6-OHDA, but not the effect of FeSO 4 (Fig. 3) . Neuronal cell damage was reduced by CA only for QUIN and FeSO 4 , but only moderately for 6-OHDA (Fig. 4) . The differential protective effects exerted by CA on all these selective toxic models also seem to be subordinated to the master regulator of antioxidant responses, the Nrf2/ARE pathway, as suggested by the results shown in Fig. 5 . In addition, in vivo experiments revealed that CA is effective in preventing the reduction of survival in wild-type N2 C. elegans, but not in skn-1 KO worms (Fig. 6) , therefore suggesting an active role of the SKN-1 pathway in the protective efficacy afforded by CA. It is noteworthy, CA protected wild-type worms against motor alterations induced by all toxins, but failed to protect FeSO 4 -exposed specimens (Fig. 7) , suggesting a complex regulation of the phenolic compound on motor activity in vivo.
This is, to our knowledge, the first report compiling comparative evidence on the protective properties of CA in different biological preparations exposed to toxins with different mechanistic profiles, and involving the activation of orthologous transcriptional regulatory systems. Most of the protective effects of CA have been attributed to derived and/ or related compounds, such CA phenethyl ester; CA per se has been shown to evoke antioxidant and neuroprotective effects. We have recently published experimental evidence showing that CA exerted neuroprotective properties against excitotoxic damage induced by QUIN in the rat striatum at the behavioral and biochemical levels (Colín-González et al. 2015) . It is assumed, from our current findings about the reductive capacity and the antiperoxidative effects of CA in the toxic models tested, as well as from other previous reports (Kalonia et al. 2009; Sul et al. 2009; Kumar et al. 2010; Jeong et al. 2011; Szwajgier et al. 2017) , that the protective effects evoked by CA are due to the antioxidant properties already reported for this phenolic compound, which in turn might strongly account for its neuroprotective profile. Consequently, the neuroprotection afforded by CA in this and other reports via the stimulation of antioxidant activity, is likely to be responsible for improvement and recovery of diverse physiological functions in toxic models, including the per group). *P ≤ 0.05, different from the control; + P ≤ 0.05; different from the toxin tested; two-way analysis of variance followed by post hoc Tukey's test re-establishment of the mitochondrial reductive capacity in cortical cells accompanied by the early activation of transcriptional pathways, and the preservation of survival and motor performance in worms-all observed herein-as well as the direct scavenging of intracellular ROS (Jeong et al. 2011) , the regulation of calcium influx to cells (Sul et al. 2009 ), the recovery of the striatal glutathione redox status, and the prevention of altered locomotor activity in experimental animal models (Kalonia et al. 2009 ).
Although CA exerted protective effects on most of the endpoints evaluated and the toxic models tested herein in an effect attributable to its antioxidant capacity, we found that this phenolic exerted some selective effects, showing poor or no efficacy in several of the tested outcomes. Though CA prevented the 6-OHDA-induced lipid peroxidation and the decrease in Nrf2/ARE binding activity, it did not improve the loss of cell viability induced by 6-OHDA. These findings indicate that even though CA can stimulate antioxidant activity in this toxic model, this strategy is insufficient to protect cells completely from the damage induced by 6-OHDA, probably due to the involvement of other mechanisms in its toxicity. In this regard, and as additional corroboration for these considerations, we were able to find only one report mooting the use of CA in the 6-OHDA toxic model (Gunjima et al. 2014) . These authors compared the effects of 3,4-dihydroxybenzalacetone (DBL) and CA in SY5Y cells exposed to 6-OHDA, and found that only DBL improved cell survival in this model while promoted Nrf2 nuclear translocation. It is therefore, not surprising to find no reports about this topic, as CA seems to be ineffective in affording protection in rat cortical slices subjected to this toxin, whatever the mechanisms involved. However, it remains noteworthy that CA was protective in wild-type C. elegans specimens exposed to 6-OHDA, suggesting that, for this biological model, antioxidant and neuroprotective strategies act in a coordinated and effective manner to reduce 6-OHDA toxicity when stimulated with CA, also probably implying that the toxic mechanisms exerted by 6-OHDA are not precisely the same (in nature and/or intensity) in mammals and nematodes.
In contrast to the above described effects, CA was consistently effective in preventing QUIN-and FeSO 4 -induced loss of cell viability, cell damage and Nrf2/Are binding activity, suggesting that the phenolic compound, by means of early transcriptional regulation mechanisms, counteracted excitotoxicity, and oxidative damage evoked by these two toxic models. For the case of QUIN, this concept is also reinforced by the efficacy of CA to reduce lipid peroxidation; however, the phenolic compound did not change the lipoperoxidative action of FeSO 4 . Accordingly, we hypothesize that the effect of FeSO 4 -a strong pro-oxidant agent experiments per group). *P ≤ 0.05, different from the control; + P ≤ 0.05; different from the toxin tested; two-way analysis of variance followed by post hoc Tukey's test directly producing ROS-was so intense on lipids oxidation that CA, at the concentration tested, was unable to prevent oxidative damage. Moreover, it is likely that, in this study, FeSO 4 exerted a stronger pro-oxidant and neurotoxic activity than in a previous report of our group , as judging by its effect on the locomotion of N2 C. elegans strain; while in that report FeSO 4 induced hyperactivity, here this agent led worms to hypoactive motor behavior, which can be assumed as a more damaging behavioral expression. The simple explanation of this discrepancy could be explained by a technical issue: in this study, iron was prepared in ascorbic acid, thus preserving its pro-oxidant properties and potency for a longer time. Nonetheless, further studies should be directed at other endpoints in cortical slices, such as protein oxidation or glutathione levels, which might shed further light on the antioxidant effect of CA in the FeSO 4 toxic model. In addition, these results are in agreement with a previous report demonstrating protective effects of CA on QUIN-and FeSO 4induced toxicity in rat brain tissue, evidenced by the inhibition of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) activation and reduction of oxidative damage (Oboh et al. 2013) .
It is noteworthy, CA was effective in improving survival and motor performance in wild-type N2 C. elegans exposed to QUIN, FeSO 4 , and 6-OHDA, supporting the concept that redox regulation in the worms is crucial for survival and other main aspects of the animals' physiology. Meanwhile, CA protection on survival was eliminated in skn-1 mutants (Fig. 6ac) , indicating CA is able to activate SKN-1 signaling. However, the situation was more complicated in the nervous system. We noticed that CA protected the locomotion defect induced by QUIN and 6-OHDA in skn-1 KO worms ( Fig. 7df ), which suggests CA might act through additional signaling pathways other than SKN-1 in the nervous system. Pietsch et al. (2011) demonstrated that among the CA properties involved in hormesis, life extension, and thermotolerance improved in C. elegans, its antioxidative capacity and the regulation of osr-1, sek-1, sir-2.1, and unc-43 plus daf-16 genes are in the first line of relevance. Therefore, it is likely that CA activates daf-16 and/or the abovementioned genes in the C. elegans nervous system, in addition to the SKN-1 signaling pathway. Furthermore, the selective activation of substrate signaling pathways by CA may be dependent on different toxins, when comparing the protection of CA against FeSO 4 , QUIN or 6-OHDA ( Fig. 7d-f ). Further research is required to investigate additional signaling pathways regulated by CA in the nervous system.
The selective protective effects of CA observed in this study in cortical slices are in contrast with the broad profile of neuroprotective actions recently reported for this phenolic compound in primary cultures of rat cerebellar granule neurons (Taram et al. 2016 ). The authors demonstrate that CA, by means of its antioxidant capacity, was able to reduce nitric oxide-induced nitrosative stress, glutamate-induced excitotoxicity, hydrogen peroxide toxicity, proteasome inhibition, caspase-dependent intrinsic apoptosis, and endoplasmic reticulum stress. Though there is no a simple explanation for this discrepancy, in an attempt to explain why CA can display such a broad protective spectrum in primary neuronal cell cultures, but a more selective effect in slices, it is necessary to consider that cell cultures represent a single response limited to a single type of cells, whereas tissue slices comprise a complex response of multiple cells.
The protective effects of CA and its derivatives have been investigated in various model systems, including in vivo.
Although the current study adds new insights into the understanding of the beneficial effects of CA by demonstrating the involvement of Nrf2/ARE and SKN-1 pathways in their respective models, the mechanisms underlying the role of these pathways remain unclear. In this regard, polyphenols, such as chlorogenic acid (Yao et al. 2019) , honokiol (Hou et al. 2018) , and hydroxytyrosol (Peng et al. 2015) , are well known to have the ability to activate Nrf2 via the redox cycling intermediate ortho-or para-quinone. A similar mechanism triggered by CA could take place as this polyphenol induces the formation of a caffeic acid ortho-quinone, with further cycling reactions involved (Weber et al. 2019) . In turn, the involvement of different signaling pathways, such as the MEK/ERK1/2 and PI3K/ Akt pathways, in the neuroprotective effects of CA has been previously reported (Moosavi et al. 2015) , and could eventually recruit Nrf2 activation. Whether these mechanisms are occurring in the models tested in the current study remain to be elucidated. Moreover, although the functional characterization of the Nrf2/ARE axis in slices under the experimental conditions tested here would imply the assessment of downstream steps of this pathway-such as heme oxygenase 1-it should be considered that assessing the expression patterns of antioxidant enzymes regulated by Nrf2 in brain slices at short times provides only limited profiles of expression, as it could take longer times for signaling to induce transduction of a given protein. In support to our findings, the Nrf2/ARE binding assay used in the current study is very specific and accurate, and has been employed in previous studies as a simple suitable assay to detect active Nrf2 (Silva-Palacios et al. 2019); however, additional studies using RT-PCR assays and/or different biological preparations-e.g., primary neuronal cell cultures-allowing the assessment of downstream steps of the Nrf2/ARE pathway at longer times, are needed to complete the integral concept of antioxidant-mediated neuroprotection induced by CA. In the meantime, herein, the CAactivated Nrf2 pathway, and the requirement for the expression of skn-1 for the protective mechanisms exerted by the phenolic compound, appear analogous in both mammals and nematodes; therefore, orthologous defense pathways may act through homologous mechanisms to coordinate antioxidant and neuroprotective responses. On this basis, the C. elegans model constitutes itself as a valuable research tool to assess toxic and protective protocols currently tested in mammalian tissue, likely providing similar inferences.
In summary, the neuroprotective and antioxidant effects evoked by CA in the tested models of this study seem to be mostly subordinated to its direct antioxidant/scavenging properties, but also to its capacity to recruit the orthologous Nrf2 (for mammals) and skn-1 (for C. elegans) transcriptional antioxidant pathways. Therefore, CA constitutes another viable example of a naturally occurring antioxidant recruiting direct and/or regulated mechanisms to recover normoxia and homeostasis in the CNS. This is relevant as it establishes solid basis for the design of therapeutic strategies against neurodegenerative events based on molecules exhibiting multifaceted properties.
Conclusion
In this study, CA induced protection against the different toxic insults tested in rat cortical tissue and in C. elegans specimens in a partial-dependent manner. The differences observed in the patterns of protection evoked by CA throughout the toxic models tested suggest specific properties of the antioxidant to counteract selective toxic mechanisms and features in both biological preparations. It is also evident that Nrf2 and skn-1 pathways participate in the protective mechanisms exerted by CA in the mammalian cortical tissue and in C. elegans, respectively; therefore, our results suggest that CA exerts antioxidant and neuroprotective effects through homologous mechanisms in different species.
